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Nucleation and growth of highly crystalline silicon nanoparticles in atmospheric-pressure low-
temperature microplasmas at gas temperatures well below the Si crystallization threshold and within
a short (100ls) period of time are demonstrated and explained. The modeling reveals that collision-
enhanced ion fluxes can effectively increase the heat flux on the nanoparticle surface and this
heating is controlled by the ion density. It is shown that nanoparticles can be heated to temperatures
above the crystallization threshold. These combined experimental and theoretical results confirm the
effective heating and structure control of Si nanoparticles at atmospheric pressure and low gas
temperatures.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4872254]
Semiconductor nanoparticles (NPs) are of strong interest
for a wide range of applications including photovoltaic
cells,1 light emitting devices,2 fluorescent tags for biomedi-
cal applications,3 and electronic devices.4 Contrary to bulk
semiconductors, the bandgap of semiconductor NPs can be
controlled by varying their size which affects electron con-
finement. Among the different semiconductor materials,
group IV NPs are of special interest as they are, at least in
bulk form, non-toxic, biocompatible and have been widely
used on an industrial scale (Si, C, and Ge). In particular, sili-
con NPs may offer great opportunities originating from the
unique interplay between quantum effects, surface states,
and direct/indirect transition dynamics.5–7 The crystalline
structure of these materials demands high synthesis tempera-
tures that are not generally compatible with conventional
wet chemistry. On the other hand, plasma-based processes
offer synthesis avenues for a wide range of NPs composi-
tions with some unique advantages (e.g., charging of NPs
inside the plasma reduces or even completely prevents the
NP agglomeration).8,9
Non-thermal atmospheric pressure plasmas (APPs) are
highly versatile for the synthesis and processing of nanoma-
terials, as they can be easily designed and implemented in
many different configurations without the need of vacuum
systems; these characteristics could potentially facilitate
scaling up and integration in industrial processes. The appli-
cation of APPs for the synthesis of nanomaterials including
NPs has been investigated within the last few years,10,11 and
the synthesis of metal NPs has been often reported.12 Other
materials such as silicon are less investigated and infre-
quently reported13–15 due to a range of synthesis challenges
and difficulties in controlling NPs important properties. For
instance, in addition to size-dependent characteristics, the
properties of semiconducting NPs depend strongly on the
crystalline/amorphous nature, with dramatic consequences
for applications.16,17 In this context, heating of NPs plays a
fundamental role, in particular, to determine the crystalline
versus amorphous structure. Furthermore, optimized plas-
ma/growth parameters are required to ensure sufficient heat-
ing for the fabrication of highly crystalline NPs; however,
heating needs to be carefully controlled to avoid overheating
and damage to the crystalline structure by ion bombardment,
which could hinder the growth process.
Although heating of NPs in low pressure non-thermal
plasmas has been investigated,18–21 still many aspects are
not fully understood. It is now accepted that the particle tem-
perature in low-pressure plasmas can exceed the gas temper-
ature through ion/electron fluxes reaching the surface of the
particle. The study of NP heating in APP presents new
aspects that require revisiting the theoretical framework. In
APP, intense conduction-based cooling of particle via the
surrounding gas can limit the particle temperature rise rela-
tive to the gas temperature. On the other hand, high values
for electron density (1011 cm3 to several orders higher)
can be reached in cold APP microreactors (also known as
microplasmas),10 which can lead to intense particle surface
heating through surface reactions with charged species.
Here, we present experimental results on the synthesis
of narrowly size-distributed crystalline silicon nanoparticles
well below the silicon crystallization threshold. An efficient
plasma-associated heating resulted in the formation of highly
crystalline nanoparticles without any agglomeration. Our
work demonstrates that the atmospheric-pressure microplas-
mas is an efficient tool for the structure control of the
plasma-nucleated nanostructures. The plasma parameters
were measured using optical emission spectroscopy (OES),
and the results were utilized as input parameters to an analyt-
ical model that was employed to calculate the NPs electric
charge, ion flux; and finally, the nanoparticle temperature.
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It should be noted that our model is applicable to any nano-
particle, irrespective of the material composition.
The schematic of the experimental apparatus considered
is shown in Figure 1. The plasma is sustained by supplying
radio frequency (RF) power at 13.56MHz to two copper ring
electrodes placed around a quartz capillary with 0.7 internal
diameter and 1mm external diameter. The flow ratio of ar-
gon versus a pre-mixed mixture of argon-silane (50 ppm sil-
ane in Ar) is adjusted by regulating two separate mass flow
controllers. The plasma microreactor as shown in Figure 1 is
housed in a stainless steel chamber to avoid air contamina-
tion. The pressure is maintained at 1 atm while a continuous
flow of nitrogen through the chamber is pumped out at a con-
stant flow rate.
For the results presented in this paper, the discharge and
gas mixture parameters are fixed at the following conditions:
RF power 100W (measured at the power supply), 200 sccm
argon flow rate, 50 sccm argon/silane flow rate, and 1mm
electrode spacing. These conditions result in an overall sil-
ane concentration of 10 ppm. The electrical properties of the
discharge are evaluated by an RF voltage-current (MKS VI-
RF) probe placed after the matching unit, at the RF feed-
through outside the chamber.
At the condition described above, the plasma microreac-
tor produces NPs (Figure 2) that are collected downstream
directly into a vial with ethanol. NPs are characterized by
transmission electron microscopy (TEM) with a JEOL JEM-
2100F. For TEM analysis, a few drops of the NPs/ethanol
colloid are drop-casted on TEM grids. The bright-field TEM
images in Figures 2(a) and 2(c) demonstrate that the NPs are
spherical with size less than 5 nm and without any agglomer-
ation. X-ray photoelectron spectroscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDS) confirm the presence
of a silicon core with a degree of surface oxidation; XPS and
TEM-EDS results can be found in the supplementary mate-
rial,40 which also include photoluminescence and absorption
measurements of the Si NPs in colloid as well as the size dis-
tribution determined from TEM images. Figure 2(c) shows
fringes with 0.2 nm spacing; in light of our XPS and TEM-
EDS analysis (see supplementary material40), we have
assigned this spacing to that of the (220) plane of silicon.
The dark-field TEM image of Figure 2(b) is shown in Figure
2(d); the bright spots in this image confirm the crystallinity
of a larger set of NPs.
In order to determine the plasma parameters, OES has
been used. OES measurements have been taken for the same
plasma conditions as for the synthesis of Si NPs. The light
from the plasma is collected through a fiber optic placed
5mm away from the plasma and pointing perpendicularly to
the mid-point of the quartz capillary tube between the elec-
trodes. The fiber optic is then connected to a spectrograph
(Sharmok 3030i) equipped with two different gratings of
1200 grooves/mm and 150 grooves/mm and a charged
coupled device (CCD) detector (Andor iStar). The relation
from the rotational levels of OH radicals is used here to mea-
sure the gas temperature, following the previously reported
procedures.22,23 The method is based on the comparison of
synthetic spectra (from LIFBASE software24) with the meas-
ured spectra. The best fit of the simulated profile with the
measured intensity reveals the magnitude of the gas tempera-
ture, in our case with an estimated error of 650K. For meas-
uring the gas temperature, the reactor is operated in open
atmosphere as the OH line is not visible with a sealed
chamber.
The electron density is determined from Stark broaden-
ing of the Hb (k¼ 486.1 nm) emission line. The Stark broad-
ening of Balmer lines of hydrogen, Ha, Hb, and Hc has been
widely used for evaluating electron density in atmospheric
pressure plasmas.22,25,26 For the plasma conditions consid-
ered here, other effects contributing to the broadening of the
emission line are instrumental, Doppler, and Van der Waals
FIG. 1. (a) Schematic of the plasma reactor, (b) photo of the microplasma
generated inside a quartz capillary, and (c) representative TEM images of
the silicon nanoparticles synthesized in microplasma.
FIG. 2. Transmission electron microscope images of the silicon nanopar-
ticles (a)-(d): the spacing of the fringes in (c) is 0.20 nm which corresponds
to the (220) plane of silicon, and (d) illustrates the dark field image of the
crystalline nanoparticles of (b).
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broadenings. The Stark broadening with a Lorentzian shape
is derived by deconvoluting the measured Voigt profile of
the line.
The excitation temperature (Texc) is calculated from
Boltzmann plots for 4p and 5p levels of argon using the corre-
sponding emission lines; Texc of argon gives an underestima-
tion of the electron temperature in non-thermal APPs. The
relation between the electron temperature (Te) and Texc can be
also derived through collisional-radiative modeling of argon
lines. Here, we use the method for the electron temperature
versus excitation temperature reported for a range of plasma
parameters (electron density and gas temperature) that covers
measured values for our plasma.27 We therefore estimate Te
for our plasma using the measured Texc and the method
reported previously.27 Using the methodologies and proce-
dures described above, we have measured gas temperature,
electron density, and the electron temperature, which resulted
to be Tg¼ 490K, ne¼ 1.8 1020m3, and Te¼ 1.1 eV,
respectively.
In our model, a non-thermal APP with noble gases (e.g.,
argon) is considered. The effect of hydrogen atoms on heat-
ing of NPs has been discussed in low-pressure silane plas-
mas18,21 and is neglected here. The particle temperature is
obtained from the balance of energy fluxes to and from the
surface of a particle assuming a stationary state. The recom-
bination of ions with electron and the transferred kinetic
energy of ions and electrons on the surface of the particle are
the heating source while conduction through gas is the only
non-negligible cooling term. In the first step, the particle
potential/charge is calculated and it will be used for calculat-
ing the flux of charged particles.
The orbital motion limited (OML) model has been
widely used in the literature for calculating the electric
potential (charge) of a particle immersed in low pressure
plasmas.28 Through the OML model, the particle potential is
assumed equal to the floating potential that is calculated
from equalizing electron and ion fluxes to the particle sur-
face, i.e., Ie¼ Ii. Following the OML formulation, Ie is
obtained from29,30
Ie ¼ pa2nehveiexp eVp
kbTe
 
; (1)
where a, ne, and kb are the particle radius, electron density,
and Boltzmann constant, respectively, and
hvei ¼ 8kbTepme
 1=2
; (2)
is the thermal velocity of electrons averaged over the
Maxwellian velocity distribution function; Vp is the not-yet
determined floating potential.
The ion current in the OML model is derived assuming
collision-less motion of ions through
IOML ¼ pa2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kbTi
pM
r
ni 1 eVP
kbTi
 
; (3)
where ni, M, and Ti are ion density, mass, and temperature,
respectively, while ni¼ ne due to charge neutrality, and it is
also assumed that Ti¼ Tg. The OML model gives acceptable
values for the floating potential under the condition
li k a, where li is the ion mean free path and k is the
plasma screening length.
However, a number of works reported in the literature
have argued that the OML can overestimate particle charge/
potential at higher levels of ion collisonality.31–33 The effect
of ion collisions and particularly charge-exchange collisions
with neutrals plays an important role, as it can lead to the
formation of trapped ions in a potential well around the parti-
cle. The analytical expression
Ii ¼ 1=IWCi þ 1=ISCi
 1
(4)
describes the ion current to the particle surface taking in con-
sideration the effect of ion-neutral collisions, i.e., the
collision-corrected model (CCM).33–36
In Eq. (4), Ii
WC is the current of ions in a weakly colli-
sional (WC) regime
IWCi  pa2ni
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kbTi
pM
r
1 eVP
kTi
þ 0:1  eVP
kbTi
 2 k
li
 " #
; (5)
i.e., with one or no collisions within the capture radius
around the particle.
Equation (5) reduces to (3) in the limit of li ! 1. The
term
ISCi ¼ 4panilivTi
ejVpj
kbTi
(6)
describes the contribution of ions in a strongly collisional
(SC) regime where more than one collision is expected.
For our model, we will use Eq. (4) to evaluate the ion
current which provides accurate values for the ion current in
the collisionless and weakly collisional regime, and it is an
appropriate interpolation for both the weakly and strongly
collisional regimes. For the range of the plasma parameters
of this work, the collisionality lies in the weakly collisional
regime, and Ii approaches Ii
WC.
For evaluating the NPs heating mechanisms, we con-
sider a noble gas atmospheric-pressure plasma with singly
charged positive ions. For a small particle (diame-
ter< 100 nm), we write the steady-state energy balance21 on
the surface of the particle as
qcon ¼ qkin þ qrec; (7)
where qkin and qrec represent the rates of energy transfer via
kinetic energy of charged species (ions and electrons) and
ion-electron recombination on the particle surface, while
qcon is the heat loss rate to the surrounding gas through heat
conduction.
The regime of heat conduction depends on the ratio of
the mean free path of the gas molecules to the particle radius,
determined by the Knudsen number Kn¼ l/a. In the limit of
large Knudsen numbers (typically Kn> 10), the heat conduc-
tion is in the free molecular regime while in the limit of very
small Knudsen numbers (Kn< 0.01), a continuum regime
can be assumed for evaluating the heat conduction. Several
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approaches have been demonstrated for evaluating the heat
loss rate in the transition regime, i.e., Kn 1.
The following relation:37
qcon ¼ 2pð2aÞ
2K
ð2aÞ þ lG ðTp  TgÞ; (8)
has been widely used in the literature for both the molecular
regime as well as the transition regime. In Eq. (8)
G ¼ 8f
aðcþ 1Þ and f ¼ 9  cð Þ=4; (9)
where K and c are the thermal conductivity and the specific
heat ratio of the gas, and a is the thermal accommodation
coefficient. We assume full accommodation a¼ 1 that is not
far from reality.38 The mean free path is
l ¼ K
pf
ðc 1Þ pMTg
2kb
 0:5
; (10)
as defined by McCoy and Cha.37
For a particle radius in the range of 1–100 nm, and for
l 81 nm (argon at atmospheric pressure and at 400K), the
Knudsen number is in the range 0.8<Kn< 81; therefore,
Eq. (8) will be used in our model.
In Eq. (7)
qkin ¼ Iið2kbTe  eVpÞ; (11)
is calculated from the average kinetic energy of the ions/e-
lectrons reaching the particle, given by eVp for the ions
and by 2kbTe for the electrons.
The term qrec¼ Iiei in Eq. (7) is the energy released due
to the recombination of impinging ions with (free) electrons
on the particle surface (for Ar ei¼ 15.76 eV).
In Fig. 3, the results of the NP potential and the ratio of
the Ii/IOML calculated for the plasma conditions described are
presented. The potential is calculated in the CCM using
Eq. (4) for the ion current which takes into account the effect
of ion-neutral collisions; the potential from OML, using
Eq. (3), is also shown for the comparison. The potential
obtained from CCM is lower than the OML value, as
expected, and increases with increasing of the particle diam-
eter. The ratio of CCM to OML ion currents decreases from
2.78 at 2 nm particle diameter to 2.19 for 100 nm particle
diameter.
This model allows us to calculate the NP temperature
from the energy balance Eqs. (7)–(11). Figure 4 shows the
particle temperature calculated using the OML and CCM
approximations. The calculated temperature from the OML
model is Tp¼ 602K for a 2 nm particle and increases to
619K for a 100 nm particle. From the CCM model,
Tp¼ 786K (2 nm diameter particle) and it shows a decreas-
ing dependence on the increasing particle size. The differ-
ence between Tp from CCM and OML for a 2 nm particles is
184K representing a considerable effect of collision-
enhanced ion current on the particle temperature.
For silicon NPs crystallization temperatures of 773K,
1073K, 1173K, and 1273K have been reported for NPs
with diameters of 4 nm, 6 nm, 8 nm, and 10 nm, respec-
tively,39 and suggest a temperature below 773K would be
required for NPs of the size reported here. The model shows
that NPs below 4 nm can easily reach the reported crystalli-
zation temperatures (>780K, Figure 4) confirming effective
particle heating in APPs as observed in our experiments.
In summary, we have demonstrated that the crystalline
silicon nanoparticles can be nucleated and grown in
atmospheric-pressure low-temperature microplasmas at gas
temperatures well below the Si crystallization threshold. This
phenomenon was explained by the efficient heating of the
nanoparticles in non-thermal atmospheric pressure plasmas.
The analysis of the energy balance on the surface of particles
shows that effective heating of NPs can occur also in atmos-
pheric pressure plasmas and if the ion density is sufficiently
high. The comparison between the OML and CCM models
reveals important differences as the energy flux supplied by
the ion current to the NPs is enhanced in a collisional regime,
leading to higher NP temperatures. The model allows for esti-
mating particle temperature from the plasma parameters, pro-
viding very useful information for the design of plasma
reactor/microreactor. These results have been used for the
design of our high-throughput scalable NP synthesis reactor
FIG. 3. The influence of collision-enhanced current on the nanoparticle
potential for particles with diameter in the range of 2–100 nm; the potential
reported has been calculated with the OML model and with the CCM. The
ratio of the corresponding currents ICCM/IOML is also presented.
FIG. 4. Particle temperature for a range of nanoparticle diameter according
to the two theoretical frameworks, OML, and CCM.
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which will be reported in the near future. Importantly, while
we have exemplified our analysis for Si NPs, this work is ap-
plicable to a wide range of NPs and therefore of interest to
nanotechnologists and nanoscientists working with different
materials.
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